ABSTRACT Synthetic transmit aperture (STA) ultrasound imaging that obtain bi-directional focusing can create a high-resolution image. Delay-and-sum (DAS) approach is performed in both transmit and receive modes, which leads to low contrast and high sidelobe. Adaptive weighting technology is effective in improving image quality. This paper proposes a new adaptive weighting factor namely signal eigenvalue factor (SEF) for STA imaging. SEF performs eigenvalue decomposition on transmitting aperture, and then it uses the larger eigenvalues as the weighting factor to carry out the adaptive imaging. For comparison, conventional coherence factor (CF) method is also presented. Simulation and experimental results show that SEF method can get higher resolution than CF and DAS. In addition, the contrast radio and contrast-to-noise radio can be enhanced, especially for massive cyst.
I. INTRODUCTION
Synthetic transmit aperture (STA) ultrasound imaging has been investigated and utilized for many years [1] . STA imaging uses a single element of the imaging transducer that transmits a spherical wave which can occupy the region of interest in transmit mode. Then the backscattered signals on all or part of transducer elements are stored in receive mode [2] . The delay-and-sum (DAS) beamformer is performed on the echo signals to create the low-resolution image at every transmitting event, and then these images are compounded coherently to create a high-resolution image which ensures the full dynamic focusing in both transmit and receive modes [1] , [3] . However, DAS beamformer is a non-adaptive and blind method whose weights do not change as the array data changes. As a result, the DAS beamformer has a wide mainlobe width and a high sidelobe level, leading to low contrast and strong artifacts.
Several effective methods have been investigated to improve the STA imaging quality, such as coded transmission, adaptive beamformer, adaptive weighting and so on [4] - [9] . Coherence factor (CF) weighting method is an adaptive weighting technology with low computational complexity, and it is capable of enhancing the contrast, reducing the sidelobes and improving the resolution [10] , [11] . CF is defined as the ratio of the coherent energy of the aperture and the total incoherent energy. It was introduced as the metric of imaging quality firstly, and then it was researched as the imaging method in the past decades. In the CF method, the outputs of DAS are multiplied by CF based on the focusing quality. However, when the signal-to-noise ratio (SNR) is low, the CF weighting will introduce artifacts and reduce speckle pattern [12] , [13] . To solve this problem, several optimized versions of coherent factor have been developed to improve image quality effectively, such as generalized coherence factor (GCF) [10] , eigenspace-based coherence factor [14] , phase coherence factor (PCF) [15] , SNR-dependent coherence factor [16] , and etc. Furthermore, CF method has also been used to combine with minimum variance adaptive beamforming to obtain satisfactory improvement of image quality [17] .
STA imaging sacrifices transmit power for uniform high resolution by using a single element at every firing in transmit mode, which leads to a typically weak SNR [1] , [7] . Therefore, the CF method may not play an effective role in STA imaging. Echo data set could be dynamically synthesized on both transmitting and receiving apertures in the STA imaging, which was known as receive-transmit (Rx-Tx) scheme [18] . The focusing quality achieved on transmitting (Tx) aperture has an impact on sidelobe levels and mainlobe widths. Based on the above considerations, in this paper we propose a new adaptive weighting factor named signal eigenvalue factor (SEF) and apply it to the Tx aperture. SEF first performs eigenvalue decomposition on Tx aperture, and then it takes the larger eigenvalues as the weighting factor to carry out the adaptive imaging. SEF method can reduce sidelobe levels and suppress noise. CF for Tx aperture is also conducted in this paper to evaluate the performance of the proposed SEF method. Simulation and experimental results show that SEF method can effectively enhance contrast and resolution.
The rest of this paper is organized as follows. Section II introduces the STA imaging, CF weighting method for Tx aperture, and presents our proposed method. Simulations of points and cysts experimental data with the DAS, CF and SEF methods are conducted and the results are presented in section III. We discuss about the results in Section IV and draw conclusions in Section V.
II. METHOD A. SYNTHETIC TRANSMIT APERTURE (STA) ULTRASOUND IMAGING
In this section, the principle of STA algorithm is introduced briefly. In STA approach, a single element in the aperture is used at each firing, while all elements in the aperture are used to record backscattered echoes independently, and the procedure is repeated for every transmit element. The focusing of Rx aperture is performed using DAS approach and the dynamic focusing on transmit mode is then obtained by coherently summing low-resolution images, which forms the final high-resolution image [19] . We assume a linear array with M elements and the procedure can be expressed as
where x i,j (t) represents the echo signal received by the jth receiving element on the ith element transmitting. τ k is the corresponding time delays evaluated based on geometric distances from transmitting element to the imaging point k and back to the receiving element. L i (k) is the pixel value of the low-resolution image produced on the ith element transmitting. This summation corresponds to the focusing of the Rx aperture. All low-resolution images can be summed coherently, which creates an imaging focusing on the Tx aperture, thus a high-resolution image can be obtained. The final imaging result is calculated by
B. CF FOR Tx APERTURE This section introduces the CF for Tx aperture briefly. As the description of CF in the above introduction, the CF for Tx aperture is defined as follows:
According to Equation (2) and (3), the STA imaging result weighted by CF can be expressed as
It can be seen from expression (4) that the DAS is used in receive mode and CF is calculated in transmit mode.
C. SEF FOR STA IMAGING
In this section, the SEF method is presented. For image point k, the low-resolution image matrix S(k), which is composed by L i (k), can be expressed as follows:
It can be seen that S(k) is a circulant matrix. Every column vector of S(k) includes the same elements, however the arrangement of elements is different. If the vectors in the circulant matrix are coherent, the eigenvalues of S(k) will be less affected by the arrangement of elements. The maximum eigenvalue means the power of on-axis components while the smaller eigenvalues represent the power of off-axis components. The on-axis signal vectors have strong coherence. Although the elements in the vectors have been shifted to the right, the matrix S(k) still has strong coherence thus has large eigenvalues. However, for signals with weak coherence, for example, the artifacts, cyclic shift would make the coherence of the signal vectors further decreased. As a result, the eigenvalues of the signal matrix S(k) become small. To summarize, it is demonstrated that the SEF is capable of reducing artifacts, which results in an improvement of the image quality.
The matrix S(k) can be eigen-decomposed. The eigenvalues can be expressed as a vector E in the descending order, which is given by
Here,
We assume a constant parameter δ smaller than 1 and suppose that λ max = max( s ) is the maximum eigenvalue. If there are H eigenvalues larger than δ · λ max which make up the array , then is expressed as
Finally, the SEF is calculated by
Low-resolution images of the scatter points exhibit high coherence and thus have a high SEF value. On the contrary, the artifacts of low-resolution images are different, thus the SEF of artifacts becomes low. The sidelobe components dominate the received channel data. By scaling the DAS image using the SEF value, on-axis components are preserved while the off-axis components are suppressed.
For imaging point k, according to Equation (2) and (6), we can get the final SEF-weighted images as follows:
The parameter δ is used to adjust the robustness of the imaging technique. δ equals to 1 means that the weight only takes the largest eigenvalue.
III. RESULTS

A. SIMULATIONS AND EXPERIMENTAL SETUP
We compared the performance of the proposed SEF with DAS and CF on both simulated and experimental data. STA imaging mode was employed in both simulation and experiment studies. All the simulated datas were acquired with the commonly used ultrasound simulation tool Field II [20] , [21] . In simulation, a linear array was used, which consisted of 64 elements with a pitch of 0.24 mm (element width = 0.2 mm, height = 0.6 mm). The central frequency of the transducer and the sampling frequency were set to 3.3 MHz and 100 MHz, respectively. In all simulated examples, additional white Gaussian noise with a signal-to-noise (SNR) of 20 dB was added to each channel data.
In the point imaging simulation, 8 point targets were located from depths 30 mm to 65 mm. In the phantom simulation, a 8 mm × 2 mm × 16 mm phantom was simulated, with two 2 mm -radius circular cysts inside it. An anechoic cyst was centered at (0 mm, 0 mm, 25 mm) and a massive cyst was centered at (0 mm, 0 mm, 33 mm), respectively. The speckle pattern was simulated with 10 randomly placed scatters within a resolution cell of λ 3 , where λ is the wavelength of the propagating waveform in the medium.
The experimental data set was provided from the former Biomedical Ultrasonics Laboratory (BUL) at the University of Michigan web site (no longer available online). The imaging methods were applied to Geabr0 data. In this data, a 3.3-MHz center frequency, 64-element linear-array transducer with a pitch of 0.24 mm was used, which are the same as simulation. White Gaussian noise with a signal-to-noise (SNR) of 20 dB was also added.
Three different methods were compared with both simulated and experimental data. The DAS was applied to Rx aperture and hanning window was employed as the Rx aperture apodization for all methods. In Tx aperture, DAS, CF weighting and SEF weighting algorithm were used respectively. Different δ values of SEF were applied to show its effect on image quality. δ values were set to 0.1, 0.5 and 1.
B. IMAGE QUALITY EVALUATION
Three metrics were used for the image quality evaluation. For point targets, −6 dB level mainlobe width was used as the quantitative indicator of the axial and lateral resolution [3] , [8] . For cyst images, two quantitative indicators for performance of methods were contrast ratio (CR) and contrast-tonoise ratio (CNR), which were defined as [8] , [22] CR = 20log 10 µ b µ c (10)
where µ b and µ c are the mean intensities in the background region and cyst target region, σ b and σ c are the standard deviation of the intensities in the background region and cyst target region. Fig. 1 shows the images of point targets located from depths 28 to 63 mm using the aforementioned methods with a dynamic range of 60 dB. As can be seen from Fig. 1 , background noise and artifacts are both obvious in DAS image. The CF method reduces the artifacts and noise effectively. Fig. 1(c-e) show that, the artifacts of SEF images are much less than that of DAS image and the background is as clear as CF image. Furthermore, as the parameter δ is set to 1, SEF method can obtain the best imaging result. Fig. 2 shows the lateral and axial variations of point target at depth of 35.3 mm. From Fig. 2(a) , we can see that SEF (δ = 1) has the narrowest lateral mainlobe width, which means that SEF provides a better lateral resolution than CF method. Fig. 2(b) shows that SEF also has narrower axial mainlobe widths than CF and DAS. Axial resolution of SEF (δ = 1) is also the best among all methods. The axial mainlobe width of CF is almost the same as that of DAS, which indicates that CF cannot improve axial resolution. It is clear that SEF is capable of improving the resolutions.
C. SIMULATIONS AND EXPERIMENTAL RESULTS
1) POINT TARGETS
To describe the improvement of image resolution clearly, the detailed values of −6 dB level mainlobe width of the point at 35.3 mm depth are shown in TABLE 1. −6 dB mainlobe widths of all SEF images are smaller than that of CF and DAS, which demonstrates that SEF can provide better axial and lateral resolution than CF.
2) SIMULATED CYST TARGETS
To investigate the contrast of the aforementioned methods, a circular anechoic cyst and a massive cyst were simulated. The radius of two circular cysts were both 2 mm and the anechoic cyst was located at depth of 25 mm and the massive cyst was located at depth of 33 mm. Fig. 3 shows the imaging results of cysts. It can be seen that SEF (δ = 1) has the least noise in anechoic cyst. The background intensity of SEF is lower than DAS and CF, as a result, the massive cysts in the SEF images are clearer than that in DAS and CF images. From Fig. 3(c-e) , it can be observed that for the SEF method, the parameter δ can affect the imaging results in a certain degree. To be specific, the image quality becomes better as δ increases.
CR and CNR are calculated for all images and the statistical results are shown in TABLE 2. CRane is the CR of anechoic cyst, CRmas is the CR of massive cyst, and the CNRs are also named CNRane and CNRmas. The calculated background and cyst regions are illustrated with different color boxes in Fig. 2(a) . It is seen that although CRane is decreased, the SEFs offer CRmas enhancements of 7.34 dB, 7.93 dB and 8.63 dB in comparison with CF. Furthermore, both CNRane and CNRmas of SEF (δ = 0.1) are larger than CF method.
3) EXPERIMENTAL RESULT
We applied the aforementioned methods to experimental RF data Geabr0 which was provided by the Biomedical Ultrasound Laboratory, University of Michigan. All images are displayed with a dynamic range of 60 dB. The results are shown in Fig. 4 .
As shown in Fig. 4 , the noise inside the anechoic cyst in the DAS image is higher than other methods. There are a little black artifacts beside the point target in the CF-weighted image, which is not appeared in DAS and SEF images. The contrast is increased and the noise level is also suppressed in SEF images. In addition, a good imaging performance of point targets for SEF method is obtained. Fig. 4(c-e) show SEF images with different δ values. As seen, the contrast is further enhanced and the background tissue brightness is decreased as δ increases, which are consistent with the simulation results. For resolution comparison, lateral and axial variations of point at (−3 mm, 77.8 mm) is shown in Fig. 5 . Both the lateral and axial mainlobe widths in SEF (δ = 1, 0.5) images are the narrowest. Moreover, the axial resolution of the SEF is better than the others. TABLE 3 gives the −6 dB level mainlobe width of all methods. As TABLE 3 shows, −6 dB level lateral mainlobe width of CF method is 2.03 mm, which is better than DAS method, but wider than SEF (δ = 1, 0.5) method. Besides, SEF can also improve the axial resolution, which corresponds with simulation results.
The CR and CNR of the experimental cysts are calculated and displayed in TABLE 4. The calculated background and cyst regions were illustrated with different color boxes in Fig. 4(a) . It can be observed that compared with CF, SEF promotes the massive cyst imaging quality. Furthermore, as the δ was set to 0.1, the CNRane and CNRmas are increased by 0.22 and 0.09. Experimental results are coincident with simulated results.
In order to further demonstrate the performance of the proposed method, the experimental data was chosen to evaluate the image quality in terms of the −6 dB level mainlobe width, CR and CNR with setting δ to 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0. Fig. 6 presents the results of −6 dB level mainlobe width of SEF with different δ values. Similarly, the results of CR and CNR for different methods are shown in Fig. 7 and Fig. 8, respectively. Fig. 6(a) shows that the −6 dB lateral level width of SEF becomes less than that of DAS and CF, when the value of δ is larger than 0.1. When the δ value is larger than 0.3, it almost maintains stable. The −6 dB level axial mainlobe width values of SEFs are almost invariable and indicate less than that of DAS and CF in Fig. 6(b) . Fig. 7 shows that CRane and CRmas values of SEF increase as the value of δ increases. The CRane value is less than that of CF until δ equals to 1, while all the CRmas values are larger than that of DAS and CF. It can be observed that CNRane and CRmas values of SEF decreases as the value of δ decreases in Fig. 8 . The CNRane value of SEF maintains larger than that of CF when the δ value is less than 0.4, and the CNRmas values of SEF are all larger than that of CF except the δ value set as 1.
IV. DISCUSSION
Simulated and experimental results show that the proposed SEF method is effective in achieving a better performance than traditional CF method and DAS method in terms of resolution, CR and CNR. In Fig. 1 and 4 , for point imaging, the SEF method represents better axial and lateral resolution than the other aforementioned methods, which can be indicated by the data in TABLE 1 and TABLE 3 . Moreover, there are no black artifacts beside point target in SEF imaging results, which means the deficiency of CF method is made up. It is demonstrated that SEF not only reduces the mainlobe width effectively, but also reduces artifacts. Fig. 3 and 4 show that the massive cyst in SEF images is more discernible than that in DAS and CF, and the noise inside the anechoic cyst is reduced, which indicates that SEF method provides considerable enhancements on the contrast. It is demonstrated that the SEF method is effective in decreasing the noise. However, the background power of SEF images decreased, which results in lower CRane. As δ value increases, more noise is removed, so the CR increases, however the brightness of the background decreases. We will research the adaptive δ value to overcome this drawback. From Fig. 8 , in terms of CNR, SEFs performs better than CF when δ 0.3. As seen from Fig. 4 , the CF image shows more speckle noise than DAS and SEF images, which leads to lower CNR. SEF method can achieve higher CNRmas. CNRane is increased, when δ value decreased. SEF shows the potential of reducing the speckle noise by adjusting the δ value.
As shown in the simulation and experimental results, the imaging results of SEF methods with setting the parameter δ to 0.1, 0.5, and 1 are shown. −6 dB mainlobe width, CR and CNR of different δ are also calculated. δ has the effect of adjusting the brightness of background tissues, and can affect the robustness of the SEF method. From the results in Fig. 1,  3 , 4 and 6, it can be seen that the change of δ has no obvious effect on the axial resolution, but it has significant difference of lateral resolution and background noise. Fig. 3, 7 and TABLE 2 show that δ has a great effect on the contrast of the images. Larger parameter δ can lead to a higher contrast ratio of massive cyst, which means that the massive cyst is more obvious and the brightness of background is darker, which will influence the contrast ratio of anechoic cyst. In summary, a larger δ helps to achieve better CR and resolution but lower CNR. Considering synthetically, taking parameter δ = 0.1 is more reasonable.
In the proposed method, the main computational amount occurs on conducting the eigenvalue calculation of the circulant matrix. The eigenvalue calculation requires 4M 3 /3 floating operations using the symmetrical Golub-Reinsch algorithm [23] . The computational amount of SEF is larger than DAS method. It means that the proposed method is not as fast as DAS. This drawback will affect its implementation in the real-time imaging. The parallel computing techniques can be used to increase the computation speed. Further research should investigate the method which can decrease the complexity.
V. CONCLUSION
We have developed the SEF for STA imaging. Tests were conducted on both simulated and experimental data. It is demonstrated that the proposed SEF method, by reducing the undesired contribution of the artifacts and noise, can significantly improve the resolution of images and the contrast of the massive cyst, outperforming both DAS and CF methods. Therefore, the SEF method may be potentially applied to commercial ultrasound imaging system to improve imaging quality. If it is used in commercial system, the initial δ value should be set to 0.1, and it is suggested that δ values can be adjusted by the users based on requirement. SEF can also achieve a higher CNR than CF methods and may be a useful approach in other cases, such as the coherent planewave imaging. A drawback of the SEF is that the background intensity is decreased, and further studies may focus on this issue. HU PENG is currently a Professor with the School of Instrument Science and Opto-electronics Engineering, HeFei University of Technology, Hefei, China. His current research interests are in medical ultrasound imaging, medical signal processing, Doppler flow imaging and circuits and systems. VOLUME 6, 2018 
